INTRODUCTION
Species that have been deliberately introduced into new environments provide opportunities to compare genetic variation within and between novel populations and their ancestral stocks. These comparisons can be even more valuable when there are historical records of the dates, numbers and origins of those individuals involved in the founding process. The House Sparrow, Passer domesticus, is a species that has been widely transported by man into many new areas. Because of its cornmensal habits, it is familiar around human settlements, and in North America, Australia and New Zealand information is available concerning its spread across the country and its arrival in new localities (Summers Smith, 1963; Long, 1981) .
Advantage has been taken of these data in a series of studies of morphological variation within and between populations of House Sparrows in their native European environment. Comparisons have been made with introduced populations both in North America (e.g., Johnston and Selander, 1964; Packard, 1967; Johnston, 1969 Johnston, , 1973 ) and in New Zealand (Baker, 1980) . These comparisons have shown that the introduced populations have developed variation in morphology between localities comparable with that among the endemic populations. This diversification must have occurred after their introduction, usually within the evolutionarily short time of about 100 generations.
It seems that North American populations show greater interlocality variability than those from New Zealand, although neither show the broad range of morphology exhibited by the native populations. That natural selection acts upon these morphological traits is suggested by the parallels between clinal variations in several regions, and supported by a series of survivorshipstudies ranging from those of Bumpus (1899) to those of Fleischer and Johnston (1982) .
These studies are limited in genetic value since a morphological phenotype is usually the result of complex interactions between the embryonic (and nestling) environment, arid an unknown number of genetic loci (see, for example, James, 1983) . This makes it virtually impossible to quantify accurately the contribution of individual loci or alleles to the patterns of variation manifest within or between populations.
Electrophoretic surveys of biochemical loci provide an independent, and more precise, estimate of genetic variability. They have been applied to the House Sparrow by Klitz (1973) and Johnston and Klitz (1977) for European and North American populations. Their results suggested that the House Sparrow shows a lower level of biochemical variation than comparable species, having about 17 per cent of its loci polymorphic and an average heterozygosity of O047-0075 per locus. They also found only two of 23 loci with enzymic variants in the North American populations, compared with 5 in Europe, suggesting that the former were relatively lacking in biochemical, and hence genetic, variation. In a study of one Australian population, Manwell and Baker (1975) found an average heterozygosity of 0098 per locus, with 33 per cent of loci being polymorphic. Since these studies involve small sample sizes and different series of loci, it is difficult to make direct comparisons between them.
A detailed survey of biochemical variation in English house sparrows (Cole and Parkin, 1981) showed that, from a sample of 33-35 loci, average heterozygosities were 0l47-0l53, with 26 per cent of loci being polymorphic. This study has now been extended to include populations from Australia and New Zealand, as well as further samples from England and south-west Europe, to examine more closely the amount of genetic differentiation within and between introduced populations and endemic European stocks.
Seven samples each from England and southwestern Europe have been chosen for inclusion, so that the geographic distance between sites is roughly the same as that between the Australian and New Zealand samples. Staining systems were modified from Shaw and Prasad (1970) or Harris and Hopkinson (1976) .
The following systems were examined in all populations: Sorbitol dehydrogenase (SORDH), Isocitrate dehydrogenase-two loci (IDH-A, ICH-C), Phosphoglucomutase-three loci (PGM-l, PGM-2, PGM-3), Esterase-two loci (EST-l, EST-2), Tripeptidase (PEPT), Dipeptidase-two loci (PEPD-1, PEPD-2), 6-phosphogluconate dehydrogenase (6-PGD), Glucose-phosphate isomerase (GPI), Superoxide dismutase-two loci (SOD-i, SOD-2), Haemoglobin-three loci (Hb-I, Hb-2, Hb-3), Glutamate oxalate transaminasetwo loci (GOT-I, GOT-2), Malate dehydrogenase-two loci (MDH-1, MDH-2), Lactate dehydrogenase-two loci (LDH-I, LDH-2), Guanine deaminase (GDA), Glutamate dehydrogenase (GLUDH), Acid phosphatase (AC-P), a -glycerophosphate dehydrogenase (a GPD), Adenosine deaminase (ADA). Aconitase (ACON) was scored in all populations except those from south-west Europe. All of the variable loci seem to be autosomally inherited, apart from Aconitase, whic is definitely Z-linked (Baverstock et a!., 1982) .
RESULTS
Thirteen enzymic loci were found to be variable in at least one sample, although two of these (MDH-I and GOT-I) only possessed the occasional rare allele, and so do not attain the 1 per cent frequency of uncommon alleles necessary for conventionally accepted genetic polymorphism. The allele frequencies at the remaining loci are listed in table 1. In general there is no evidence for any significant departure from the Hardy Weinberg equilibrium.
The number of alleles at each polymorphic locus can be obtained from table 1. It is clear that there are more alleles per locus in the endemic populations, but since there are more of these samples and they tend to be larger, this is not surprising. We have attempted to control for sample size and number by randomly choosing 90 individuals from each region (without replacement) from the original data set. The figures are then more directly comparable, and table 2 shows the number of alleles per locus in the four data sets. The founder effect (Mayr, 1963) predicts that rare alleles will frequently be lost when a small number of individuals establishes a new population. Our results are in accord with this, for there are 20 instances where the number of alleles at a locus differs between an endemic and an introduced sample, and no less than 18 of these are situations where the endemic has more (x2 = l28, p <0.01).
The average heterozygosity per locus can be estimated for each population from the allele frequencies, assuming that the populations are all in the Hardy-Weinberg equilibrium. We have already shown (Cole and Parkin, 1981) Turning now to the analysis of allele frequencies at the individual enzymic loci, it is possible to compare populations and regions using Gstatistics. In only one instance is there significant intra-regional heterogeneity (ADA from England, G = 387, df= 24, p = 0.01), and this is not surprising for we already have evidence that ADA gene frequencies vary dramatically between British populations (Cole and Parkin, in preparation) .
The data for MDH-1 and GOT-i are too few for serious analysis. Excluding ADA, all other loci show significant heterogeneity between regions.
There is some pattern in this heterogeneity. There are significant differences between the English and Australian samples at only 2 of the 10 loci, but between the English and New Zealand samples at 9 of the loci. This difference is clearly significant (p = 0.01), and, at least partially, reflects the lower heterozygosity of the New Zealand samples.
DISCUSSION
The house sparrow offers almost unique opportunities to assess the differentiation and evolution of populations of a homeothermic vertebrate in a wide range of habitats. There are about 12 recognised subspecies, and many introduced populations whose history has been well monitored over the last 100 years. There is thus a substantial volume of background information about the general biology of house sparrows that can be incorporated into studies of its evolutionary genetics. We have already shown that variation among local populations in eastern England appears at first sight to be less than that among similar populations of other vertebrates (Parkin and Cole, 1985) . However, applying knowledge of the population ecology of British sparrows to population genetics theory indicates that the amount of differentiation is more or less consonant with that predicted from the assumption of random evolution (Parkin and Cole, 1985) . A similar conclusion has been reached by Fleischer (1983) for a series of five closely adjacent populations from northeast Kansas. We will show elsewhere (Bjordal et a!.) that Norwegian populations, with a markedly different structure, show a quite different pattern of population differentiation when the same loci are examined.
The present study extends our analysis of sparrow population genetics to some of the introduced populations in Australia and New Zealand. There is a clear reduction in the number of alleles per locus in both sets of introduced populations, and also evidence of lowered heterozygosity among the New Zealand birds. Such results have been found before following introduction (e.g.,Brussard 1975; Selander and Kaufman 1973) , and are quite predictable from the "founder effect" proposed by Mayr (e.g., 1963) .
Examining the patterns of allele frequency at individual loci is difficult at present, and although there are indications of associations with climatic and ecological factors, these are based upon rather few samples (Parkin et a!., in prep.). We will defer their discussion to a later review of global genetic variation. It is already evident from allele frequency data that the British and European samples reported here are more similar to one another than either is to the introduced birds. It is easier to assess this, however, when all alleles are considered together.
In a recent review, Nei (1975) has developed the theoretical and statistical framework for measuring differentiation within and between populations using many loci simultaneously. He shows that the gene diversity of heterozygosity (HT) of the total population (e.g., Australia) can be separated into diversity within subpopulations, (Hg) and differentiation between them (DST) as follows:
He then derives an expression for the coefficient of gene differentiation between populations, defined as the proportion of the total diversity that is due to differences between subpopulations:
Chakraborty (1974) has developed approximate sample variances for these parameters, weighting the various estimates by the sample sizes. Table 4 shows the results of applying Chakraborty's formulae to our data. Two things are evident. Firstly, the errors, being only approximations, tend to correlate with the estimates themselves. Secondly, the errors are rather large, because of the limited number of birds in the samples.
Nevertheless, it is apparent that the results from the English and European data are rather similar.
The populations of sparrows are virtually continuous within both regions, with occasional increases in density around habitation. There is thus the possibility of unrestricted gene flow between neighbourhoods, although the actual dispersal distances are very small in the British Isles. The similarities in population genetics probably result from a basically similar population structure in the two regions.
The values of GST reflect the genie differentiation between the populations, and these are higher among the introduced populations. A measure of the absolute degree of differentiation between the populations in each region can be derived from
DM =S. D7-/(S--I)
where S = the number of populations (Nei, 1975) . These values are also shown in table 4, where it is clear that the New Zealand samples are not particularly differentiated, but that inter-population diversity in the Australian samples is twice that of the other three regions. It is unfortunate that there seems to be no analysis of morphometric variation among Australian sparrows comparable with that for Europe, North America and New Zealand (Johnston and Selander, 1964; Packard, 1967; Johnston, 1969 Johnston, , 1973 Baker, 1980) . These authors have shown that introduced populations have developed morphological variation between localities broadly comparable with that exhibited by endemic birds. Our data extend this observation of similar degrees of differentiation among endemic and New Zealand stocks, but indicate a greater divergence of Australian populations. The populations that we sampled in Australia certainly occupy very different ecological conditions (Cole, personal observation), and it is tempting to predict that they will show more morphological differentiation than was (3\ reported by Baker (1980) from New Zealand. The analysis of genic differentiation between endemic and introduced populations can be extended using Nei's (1972) coefficient of standard genetic distance. It is relatively easy to compute this coefficient between every pair of samples included in the analysis using all the loci apart from aconitase. The mean values for various com-parisons are shown in table 5, and as before, it is evident that the Australian samples are more differentiated than those from England, Europe or New Zealand.
We can take the analysis further than this however, and establish the rates of divergence between these endemic populations and those stemming from introductions into Australia and New Zealand. The British populations of the house sparrow are more or less completely isolated from those in continental Europe. Since the advent of intensive bird-ringing in Britain, only a handful of sparrows have been recovered overseas (SummersSmith, 1963; Bird and Parkin, in prep.) . It is wellknown that even a single migrant per generation can dramatically reduce the divergence of populations. However, it seems probable that the mixing of British and continental stocks is well below this figure, and so the blending effects of gene flow can be discounted.
Under such circumstances, Nei (1975) showed that there could be a close relationship between the amount of differentiation between populations as estimated by his genetic distance (D), the time that the populations have been separated (t), and the rate of molecular evolution (a), as follows:
Exactly when the house sparrow reached Britain is not known. It was well established at the time of the Venerable Bede (7th Century AD), and Summers-Smith (1963) suggests that it arrived somewhat in advance of the Romans. It has been conventional in the past to assume that D0, the differentiation at the time of separation, is zero. However, Nei (1978) suggested that this is unreal, since there will inevitably be a difference between two samples of individuals, even from the same population, simply by chance effects of sampling. If we assume that the British Isles were colonised 2000 years ago by populations of sparrows as differentiated from their ancestral continental stocks as are European populations today, Nei's formula (4) per locus per year derived independently by Kimura and Ohta (1971) and Nei (1975). This, then, is an estimate of the rate of molecular evolution among endemic populations of the house sparrow, but it is possible to obtain a similar figure for the introduced birds. It seems that the majority of sparrows in Australia and New Zealand originate from English populations (Long, 1981) , many of them through the activities of various Acclimatisation Societies. These organizations strove to "improve" the environment of the new colonies by introducing familiar animals and plants around human settlements. This may be of dubious morality in today's conservationminded world, but does mean that a certain amount of data is available relating to the dates, numbers and origins of the animals involved. Long (1981) has compiled some of these data, and from his work it seems that there were relatively few successful introductions of sparrows into Australia and New Zealand. Nei (1978) and Templeton (1980a, b) have analysed the effect of a small number of founding individuals upon the genetic distance between new and ancestral populations. Templeton (l980a) shows that the value of this at the time of founding is given by:
where N is the number of founders, and G is the (4) average homozygosity in the ancestral population. This can be re-arranged to D0= (hG-l)(1/2N)(l/2) (6) which shows that there is a component due to the reciprocal of the homozygosity, and one due to the coefficient of inbreeding in the novel population, stemming from a bottleneck of size N. The per locus heterozygosities can be derived from the data in table 1, assuming that the populations are in Hardy-Weinberg equilibrium, and these can be used to estimate the harmonic mean of the population heterozygosity. Of course, we do not know whether the homozygosity among the ancestral British population was the same as it is today, but we have no evidence of change through a 7-year period (Cole and Parkin, unpubl. data) . Thus, we have taken G=0•8597. Our Australian samples came from four populations in South Australia, and Condon (1962) states that they were introduced into this state in 1863, although the number of birds released is not known. In the light of a series of introductions elsewhere in Australia, the number was probably between 40 and 100 birds (Long, 1981) . Allowing for mortality immediately following release, the lower figure would seem to be more realistic as a founding population. Using this in conjunction with G = 08597 in equation (6) a=926xlO6. For New Zealand, the average number at introduction was also about 40 birds (Long, 1981) These values are quite similar, but some 50 times higher than those derived from the British and European birds. However, Templeton (1980a, b) based his arguments and model upon a single bottleneck at the time of introduction. This is an understandable assumption, but is biologically unreal, and is not supported by field data. For example, Canada Geese (Brantacanadensis) were introduced into Nottinghamshire, England over 100 years ago, and maintained a population size of about 100 birds for some 80 years before entering a period of near-exponential growth from 1960 to 1980 (McMeeking and Parkin, in press ). The Ringnecked Pheasant (Phaseanus coichicus) was introduced to Protection Island, British Columbia when 8 birds were released in 1937. Although the population size increased very rapidly (Einarsen, 1945) , the number present was less than 500 for 3 years. In common with many other examples, these two species spent several generations with a population size sufficiently low for inbreeding to a significant factor in their genetics.
The South Australian birds seem to have behaved in a similar fashion. Long (1981) reports that initially they were protected, for two years after their release in 1863 two boys were fined £5 for destroying a nest. However, less than 20 years later, the South Australian government had paid bounties for the destruction of 50,000 nests and almost 40,000 birds in a futile attempt at population control. A founding population of 40 birds, increasing by 50 per cent per year would produce in excess of 130,000 birds in 20 years (generations) which would certainly be sufficient to cover the level of destruction that Long reports. The population would also remain at a reasonable level for several generations, and the amount of inbreeding can be estimated from
Over 20 generations, this leads to f=096307 which in turn gives D0=00030l4 from equation (6) . Substituting this last in the rate of evolution equation (4) gives and so 0003224=00030l4+2.a. 119 a = 88 x l0-.
The New Zealand data are more difficult to interpret. The first introduction was in 1859 when an unknown number of survivors from an initial group of 300 birds taken in England was released. Subsequent introductions totalled 40, 47, 6 and 23 birds (Long, 1981) . The rate of increase seems to have been less dramatic than in Australia, for it was not until 1907 that the species became regarded as a pest. However, assuming a similar rate of evolution to the British and European birds, the genetic distance at introduction can be predicted from equation (4) electrophoretically detectable substitutions per locus per year over a 2000 year period. The Australian populations were established about 120 years ago, and show divergence from the ancestral British stocks that can be explained as being due to an initial period of inbreeding followed by a similar rate of differentiation. The New Zealand populations are less well documented, but the differentiation is certainly comparable with the Australian birds. It is interesting to note that the current distribution of sparrows in these two countries is somewhat different. The Australian populations are rather disjunct, being closely commensal with man (Slater, 1974) , and largely absent from many intervening areas. The New Zealand birds are reported to be more continuously distributed (Falla et a!., 1966) , and less tied to agricultural and urban settlements. The greater genetic differ-entiation among the populations from South Australia is in accord with this, since gene flow will be greater among the more contiguous New Zealand populations. This result parallels the difference in genetic structure reported by Parkin and Cole (1985) for continuous populations in lowland east England, and Fleischer (1983) and Bjordal et a!. (in prep.) for discontinuous populations in Kansas and Norway, respectively. 
